Abstract From microstructural observations and experimental work it is known that shales consist of a mechanically weak porous fine-grained clay matrix with embedded and mechanically strong silt/sand grains. Thereby, the respective contents of weak and strong constituents control bulk mechanical properties. In addition, the clay matrix is characterized by a preferred orientation of clay platelets, which are a major control on the bulk anisotropy of shales. To date, little is known about the micromechanical properties of the fine-grained porous clay matrix, which is particularly true in case of its micromechanical anisotropy. Such information can, however, only be assessed on the microscale. Therefore, the drained micromechanical properties parallel and perpendicular to bedding were investigated by means of compressing micropillars with a flat punch indenter in a scanning electron microscope. Microscopic failure mechanism was found to be anisotropic: (i) in case loading was parallel to bedding it occurred by a combination of localized shearing, kinking/buckling of elongated clay aggregates, and bedding parallel splitting and (ii) for loading perpendicular to bedding failure occurred mainly by localized shearing. The measured stiffness of the drained porous clay matrix perpendicular (E v ) and parallel (E h ) to bedding was about 8 GPa and 30 GPa, respectively. Using these stiffness values as input in voxel-based finite element modeling and in combination with realistic microstructures, which are characterized with different contents of "soft" and "hard" constituents, revealed that the measured high microscale anisotropy E h /E v = 3.75 is crucial in understanding the bulk anisotropy of clay rocks.
Introduction
From the disposal of nuclear waste over the exploitation of gas to CO 2 sequestration, clay rocks/shales are of fundamental importance and consequently, a deeper understanding of its mechanical properties became increasingly important during recent years. Here the focus is on the Opalinus Clay unit, which is considered as potential host rock for nuclear waste in Switzerland [Nagra, 2002 [Nagra, , 2004 Andra, 2005] . Opalinus Clay is a multiphase, anisotropic, and compositionally diverse material, which exhibits different structural features on multiple length scales. In addition, this sedimentary rock formation varies in the relative contents of clay and nonclayey mineral grains, which affects petrophysical properties.
Clay rocks are often considered as a binary mixture of a porous clay matrix and nonclayey mineral grains. This simplification was made in terms of permeability [Revil and Cathles, 1999] and solute diffusion [Robinet et al., 2012; Keller et al., 2015] and also in terms of elastic properties [e.g., Sone and Zoback, 2013] . In the latter case the clay matrix was considered as the "soft" and nonclayey minerals as the "stiff" end-members, respectively. Making use of such mixture models to predict mechanical properties requires the knowledge and understanding of mechanical properties related to the respective homogenous constituents. The elastic properties of nonclayey minerals such as carbonates and quartz are well known; on the contrary, the elastic properties of the fine-grained clay matrix are largely unknown.
behavior of shales reduces the number of unknown parameters. But also in this approach, the mechanical properties of the porous solid clay matrix must be known [Arns et al., 2002; Keller, 2016] . Microstructural investigations on multiple length scales provide the information on the spatial distribution of the constituents, which is crucial for the prediction of the mechanical properties. But in order to use this multiscale information, the mechanical response of the respective homogenous constituents must be known. This in particular concerns the fine-grained porous clay matrix, of which properties are controlled at the nanoscale to micron scale. With an understanding of shales as a multiphase and multiscale material, the micron-scale mechanical behavior of the different shale constituents is of particular interest.
Recent instrumental developments allow the measurement of the uniaxial mechanical behavior at the micrometer scale by means of micropillar compression [Michler et al., 2007; Maeder et al., 2011; Schwiedrzik et al., 2014] . Regarding shales, nanoindentation experiments have been performed by Ulm and Abousleiman [2006] . These workers confirmed that particle-to-particle contact and characteristic packing densities control the nanogranular properties of shales. Bobko and Ulm [2008] also applied nanoindentation experiments to shales and found that nanomechanical building blocks behave transverse isotropic in stiffness and isotropic in strength. Veytskin et al. [2017] combined nanoindentation experiments with energy-dispersive X-ray spectrometry, which allowed determining nanoindentation mechanical properties and the local mineralogy. Abousleiman et al. [2016] applied micropillar compression testing and microcantilevers testing to a kerogen-rich shale to investigate the micromechanical properties. However, during the latter work only one out of the three prepared micropillars was successfully loaded to failure. Hence, little is known on the micromechanical behavior of shales under uniaxial compression, not to mention the almost complete lack of knowledge regarding the micromechanical anisotropy of the fine-grained clay matrix in shales.
So far, mainly nanoindenation experiments were applied to shales in order to investigate its micromechanical properties. Here we compressed micropillars with an in situ scanning electron microscope (SEM) indenter with the aim to determine the micromechanical properties of the fine-grained porous clay matrix in Opalinus Clay. This approach was chosen because the mechanical properties of fine-grained porous clay matrix are controlled on the microscale. Thereby, vertical and horizontal stiffness and uniaxial anisotropic compression strength of the porous clay matrix were determined on the micrometer length scale. These micromechanical quantities can be compared with the respective values determined on the macroscale. In addition, the determined values allowed an approximation of the transverse isotropic stiffness matrix related to the porous clay matrix, which can be used in combination with voxel-based finite element modeling in order to gain insight into linear elastic behavior on mesoscale (millimeter scale).
Experimental Procedure
The starting point of this investigation is a drill core labeled BGC-1 (depth 3.2 m), which was extracted from the Mont Terri underground rock laboratory, Switzerland. From this core, clay cubes with edge lengths of about 3 mm were prepared using a high-precision diamond saw. Micromechanical compression tests require flat and damage-free surfaces, and therefore, the raw cube surfaces were polished under high vacuum using a broad ion beam (BIB)-polishing machine. One surface parallel and one surface perpendicular to bedding were ion polished for 2 h (Figure 1 ). Sample preparation under high vacuum increases the evaporation of water significantly, and no outgassing was observed after the polishing step in the scanning electron microscope during micropillar preparation. Therefore, the pore space is expected to be devoid of water and the determined mechanical properties are considered as those of the drained fine-grained porous clay matrix.
Then, the samples were transferred into a FIB-SEM instrument (scanning electron microscopy with a focused ion beam) and the polished surfaces were imaged and the localities of the future micropillars were selected.
Drying cracks oriented parallel to bedding, and visible on the surface oriented perpendicular to bedding, were carefully excluded as sample locations (Figure 1b) . Note that the avoidance of these visible cracks may lead to a selection of stronger sample material, as cracks on this scale cannot be avoided in larger-scale samples (see section 4). Then, clay matrix micropillars were prepared using the FIB technique. Four pillars in each direction (e.g., parallel and perpendicular to bedding) were prepared. All eight manufactured micropillars were prepared within the intact fine-grained clay matrix (Figures 1c and 1d ) and had a diameter of about 10 μm and height of about 20 μm. Exact measurements of each micropillar (diameter and height) were obtained in situ in order to compute the stress and strain from the corrected load-displacement curve.
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Regarding the small sample size, the existence of spatial microstructural heterogeneities may lead to uncertainties in the determined micromechanical properties. This problem is related to the concept of the representative volume element (RVE) of the elastic properties. Keller [2016] quantified this type of uncertainties of the elastic properties related to the solid porous framework of the clay matrix using reconstructed pore microstructures of Opalinus Clay in combination with voxel-based finite element modeling. The uncertainties/RVE were calculated using a statistical analysis [Kanit et al., 2003] . It turned out that for a sample size with an edge length of 1 μm, the relative error on the Voigt-Reuss-Hill average bulk modulus is around 10%. This uncertainty is related to a single realization. Increasing the number of realizations reduces the uncertainties. This analysis implies that the uncertainties induced by spatial variation of the pore microstructure for a sample of the size of the micropillars can be neglected. However, apart from the spatial variation of the pore microstructure, the spatial variation in the arrangement of the minerals contributes also to the uncertainties, which in particular concerns the presence of nonclay minerals of clay particle size. This problem was addressed by performing several measurements, which reduces the uncertainties. It turned out that the relative error on the determined mean value of the Young's moduli ranges up to about 14%, which was accepted here (see below).
Micropillars were compressed inside a FIB-SEM workstation (Tescan Lyra, Czech Republic) using an in situ indenter (Alemnis AG, Switzerland) equipped with a diamond flat punch tip, and force and tip displacement were recorded simultaneously [Wheeler et al., 2013] . Compression was carried out in displacement control at a speed of 20 nm/s. Pillars were compressed to failure with two intermittent partial unloading cycles to measure the apparent unloading modulus at 250 nm and 500 nm displacement. Force displacement data were corrected for frame compliance and elastic micropillar sink in using the modified Sneddon approach [Zhang et al., 2006] and subsequently converted to true stress-strain data using the known micropillar dimensions and the assumption of plastic incompressibility [Ashby and Jones, 1980] . Compressive strength was defined as the maximum stress in the true stress-strain curve, and the elastic modulus was measured by a linear fit to Figure 1c shows location of future pillar 3 that was prepared in the area that is parallel to bedding. Figure 1d shows location of future pillar 3 that was prepared in the area that is perpendicular to bedding.
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the second partial unloading cycle. Two compression experiments showed stiffness values (Pillar 1 in Figures 2a and 2b ), which deviated more than 50% from the other three curves and were thus excluded from the calculation of the mean micromechanical properties. These discrepancies can be attributed to the fact that it is impossible to reach perfect parallelism between the top of the pillar and the indenter flat punch tip [Soler et al., 2012] . Imperfect parallelism can induce stress concentration at the initial contact point of the micropillar, which leads to early plastification and the apparent reduction of the initial loading stiffness [Soler et al., 2014] .
Experimental Results
In case the load was applied perpendicular to bedding, the micropillars showed a quasi-linear response up to yielding, which in some instances was followed by a peak, some plasticity, and finally by strain softening (Figure 2a ).
Some pillars showed apparent yielding at an early stage of deformation, which was probably caused by local inhomogeneities, surface roughness, or slight misalignment of the tip and the micropillar top surface. Regarding loading parallel to bedding, the quasi-linear part is followed by some hardening and then by strain softening (Figure 2b ). In general, this behavior is characteristic of quasi-brittle materials, which form microcracks after yielding. The global softening behavior is in line with the observed cracked microstructure and the formation of localized shear zones in the micropillars. It is noteworthy that while the measured moduli were highly anisotropic, the ultimate stress showed much smaller differences between the two directions. This is in line with micropillar compression results for other quasi-brittle materials such as bones [Schwiedrzik et al., 2014] . This behavior is also in agreement with results obtained from nanoindentation experiments [Bobko and Ulm, 2008] . However, the porous clay matrix behaves more rigid in case a load is applied parallel to bedding when compared to loading perpendicular to bedding ( Figure 2) . As an example, the applied stress parallel to bedding reaches a mean value of around 128 MPa at 1% vertical strain in contrast to around 36 MPa in case the load is applied perpendicular to bedding. Furthermore, the plasticity is higher in case the load is applied perpendicular to bedding where the clay matrix accommodates a vertical strain of more than 4%.
The mean microscopic strength for uniaxial compression perpendicular to bedding is about 161.4 MPa (e a = 30.1 MPa), and the one for compression parallel to bedding is about 171.1 MPa (e a = 17.9 MPa). Regarding the Young's moduli, the experiments yielded mean values of about 8.4 GPa (e a = 0.6 GPa) (= E v ) in case the load was applied perpendicular to bedding and of 30.2 GPa (e a = 4.4 GPa) (= E h ) in case the load was applied parallel to bedding. To calculate the absolute error on the mean value of a certain micromechanical property, we used the relation e a = 2SD/√n, where SD is the standard deviation and n (= 3) is the number of realizations.
In order to gain knowledge on the microscopic failure mechanism, cross sections through the pillars were prepared by FIB, which were then imaged in the SEM (Figures 3 and 4) . The preferred orientation of clay platelets or clay aggregates, which defines the bedding plane, can easily be seen. Thereby, the preferred orientation of clay platelets or particles is either parallel or perpendicular to the loading direction. As expected, deviations from the dominant orientation can also be observed. Apparently, failure occurs mainly along grain boundaries between clay particles and along phase boundaries between nonclayey minerals and clay particles. In case the load is applied parallel to bedding, failure leads to the formation of zones of localized shear deformation and cracks, kinking, as well as axial splitting fractures with the dominant fracture orientation being near parallel to bedding (Figures 3 and 5) . Occasionally, failure along grain/phase boundaries and associated fracturing occurs in combination with shearing ( Figure 5 ). Shear band formation and axial splitting are common in micropillar compression on brittle crystals [Howie et al., 2012] .
Fracturing is limited to the development of single fractures in case load is applied perpendicular to bedding (Figure 4) . In this case, shearing initiates within aggregates of clay platelets, of which orientations are close to the orientation of maximum shear stress (Figures 4a and 4b) . Hence, local deviation from the crystallographic and/or shape-preferred orientation can initiate shearing in cases where the bedding plane is perpendicular to the direction of principle stress. The anisotropy of failure mechanisms has been also observed in other 
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quasi-brittle materials like bone, which showed shear cracking and axial splitting when tested along the fiber direction and shear cracking only when tested perpendicular to the fibers [Schwiedrzik et al., 2014] .
Discussion
The observed micromechanical behavior of the fine-grained porous clay matrix shall be compared to the corresponding macromechanical properties of the Opalinus Clay. From the qualitative point of view, the anisotropic mechanical behavior on the microscale and macroscale was found to be identical. Uniaxial compressive strength parallel to bedding is slightly higher (i.e., factor 1.15) when compared to compression strength perpendicular to bedding. This relationship is in agreement with macroscopic behavior, but microscopic strength is substantially higher when compared to macroscopic strength. According to the data compilation of Giger and Marschall [2014] , the values of macroscopic uniaxial compressive strength range up to 40 MPa. Hence, the observed microscopic strength of the porous clay matrix is higher by a factor of around 3 to 4 when compared to macroscopic strength. This difference may be in part related to differences in sample size. It is often observed in material testing that smaller samples are characterized by a higher compressive strength when compared to larger samples. Among others this relationship is reported for glasses [Griffith, 1921] , bones [Schwiedrzik et al., 2014] , and concrete [e.g., Del Viso et al., 2008] . The smaller the sample, the smaller the flaws that it can contain. As the fracture strength in a brittle solid is related to the maximum flaw size, this means that the failure stress of microscale samples will be higher than the macroscopic ones. The lower strength related to larger samples therefore may be explained by the combination of size effect due to internal defect size with the presence of additional stress concentrators like pores, preexisting cracks, or other defects, which would lead to a decrease in failure stress when compared to smaller samples. For smaller samples, which, in addition, were selected under high optical magnification (see above), it is less likely to contain preexisting cracks or other defects. Clay rock core samples are particularly susceptible to development of cracks or other defects because of drilling-induced core fracturing, stress release under atmospheric conditions, and dehydration. Another reason for the higher microscale strength is that the samples were compressed in a drained or dry state. On the macroscale there is little correlation between uniaxial compressive strength and water content [Giger and Marschall, 2014] . Hence, it is rather the small sample size than the saturation state, which caused the higher microscale strength. However, given the prominence of interface failures in the deformation behavior of the micropillars, the dependence of microscale uniaxial compressive strength on water content cannot be excluded and remains an open question.
The determined stiffness values are considered as drained microelastic properties of the porous fine-grained clay matrix (see above). E v accounts for stiffness perpendicular to bedding, and the obtained experimental value of 8.4 ± 0.5 GPa is in excellent agreement with the results obtained by Keller [2016] . This work predicted elastic properties of the porous clay matrix as function of porosity using reconstructed pore microstructures in combination with voxel-based finite element modeling. This type of calculation requires the knowledge of the elastic properties of porous solid skeleton, which were estimated using Thomson's anisotropy parameters reported by Wenk et al. [2008] in combination with realistic rock densities and S and P wave velocities. Then, for the expected drainable porosity of 10 vol % the calculation yielded a drained E v of about 7.5 GPa. Regarding the stiffness parallel to bedding E h , the micropillar compression tests yielded a value of Figure 5 . Image showing the failure mechanism in case the load is applied parallel to bedding. Note that the formation of multiple fracturing parallel to bedding is associated with local shearing. The angle between the direction of principle stress and the shear plane is around 30°.
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30.2 ± 3.8 GPa, whereas the prediction of Keller [2016] yielded around 15 GPa. This suggests that Keller [2016] underestimated the microscale anisotropy (i.e., epsilon parameter) related to the solid skeleton.
By reviewing the available experimental work on Opalinus Clay, a considerable spread in the stiffness data is clearly recognizable. Experimentally derived values for drained stiffness perpendicular to bedding range between a few GPa and about 7 GPa [Giger and Marschall, 2014] . Experimentally derived values for drained stiffness parallel to bedding are not available, but values of undrained stiffness parallel to bedding range between around 7 and 20 GPa. Thereby, a higher stiffness is indicated for higher confining pressures (i.e., burial depths). Nevertheless, microscale stiffness appears to be higher when compared to macroscale stiffness. As in case of uniaxial compressive strength, the reason for these differences may be related to the large differences in sample size. The presence of porosity, cracks, and other defects influences the mechanical properties [Walsh, 1965] and in particular will reduce stiffness [Keller, 2016] . As it is was outlined above, in larger samples there is higher probability for the presence of preexisting cracks when compared to small samples, which would lead to higher stiffness in smaller samples.
In the remaining part of this discussion we demonstrate how the determined stiffness values can be used in an upscaling procedure for elastic properties. The aim is to calculate the elastic properties on the hundreds of micrometers length scale by using realistic shale microstructures (Figure 6 ) in combination with image-based finite element modeling (Garboczi [1998] and Madadi et al. [2009] for an overview). In order to calculate elastic properties on the hundreds of microns length scale, the elastic moduli of major constituents (clay matrix, carbonates, quartz, and pyrite) must be defined (Table 1 ). An isotropic elastic behavior was assumed for carbonates, quartz, and pyrite. In case of the porous clay matrix we assumed a transverse isotropic behavior. Then, the components of the transverse isotropic compliance tensor S can be estimated by using the experimentally determined stiffness values (Table 1) in combination with assumptions on the Poisson's ratios. ν hv and ν hh were set to 0.33 and 0.26, which corresponds to the drained Poisson's ratios proposed by Keller [2016] at a drainable porosity of 10 vol % (see above). Thermodynamic rules require that for an elastic material, the compliance tensor S must be symmetric [Love, 1927] and therefore we have ν hv E v = ν vh E h , which yielded a value of ν vh = 0.09. Furthermore, G hh is dependent on E h and v hh and because the bedding plane is considered as a plane of symmetry, we used the relations G hh = E h /[2 (1 + ν hh )]. Furthermore, we follow Naumann and Plischke [2005] and used the relation (Table 1) . Then, all the elastic components in S can be calculated by using the usual relations for transverse isotropic materials. Based on the known S, an averaged bulk modulus of the porous clay matrix can be calculated by using the Voigt-Reuss-Hill approximation, which yielded a value of about 10.4 GPa. Values of elastic properties related to the solid clay matrix have been experimentally determined by Vanorio et al. [2003] , who obtained values for the bulk modulus ranging between 6 and 12 GPa. The approximated value falls in the range of experimentally derived values and hence is reasonable.
Then a voxel-based finite element method (FEM) implementation was used to calculate the elastic properties (Garboczi [1998] and Keller [2016] for more details). The aim is to calculate the effect of nonclayey minerals on the bulk elastic properties. This requires microstructures with different clay matrix contents. Here we used microstructures that are related to samples from the Schlattingen SLA-1 borehole, Switzerland. From this core a sample from Opalinus Clay unit (Figures 6a and 6c) and Braun Dogger unit (Figures 6b and 6d ) was broad ion beam polished and imaged in a SEM. In Figure 6 the image plane is perpendicular to bedding and the difference in clay matrix content is well recognizable. The images were carefully segmented into major constituents and were then used as input for the elastic calculations. Because the elastic calculations were done on the base of 2-D SEM images (see above), we assumed plane strain conditions perpendicular to the bedding plane.
FEM simulations allowed constructing elastic strain maps, which give insights into local elastic deformation. Figure 7 shows the distribution of von Mises effective strain in case an external strain of ε x = ε y = 0.01 is applied to the microstructures depicted in Figure 6 . As it can be expected, strain is higher within the mechanically weak fined-grained clay matrix when compared to strain in mechanically strong nonclayey mineral grains (Figure 7 ). Within the clay matrix, higher strain is localized along bottlenecks between nonclayey mineral grains. Thereby, strain localization is restricted to the bottlenecks, which are near parallel to bedding (vertical orientation in Figure 7 ). This effect is more pronounced in the sample with the low content of clay matrix (Figure 7b ).
The actual goal of the FEM simulations is to calculate an effective S, which corresponds to the microstructure depicted in Figure 6 . For details of the calculation procedure the reader is referred to the work of Meille and Garboczi [2001] . From the 2-D compliance matrix the effective stiffness perpendicular E v and parallel E h to bedding was calculated and plotted versus the clay matrix content (Figure 8 ). The calculations indicate a significant stiffness reduction with increasing clay matrix content (Figure 8a) . By comparing the calculated values with data set of Sone and Zoback [2013] , we find that our calculations predict a higher stiffness (Figure 8a ). This can be explained in that the data set of Sone and Zoback [2013] is related to gas shales, which contain a not negligible amount of mechanically weak kerogen. With increasing clay matrix content the anisotropy E h /E v increases (Figure 8b) . Furthermore, the calculations predict a low stiffness anisotropy even in the absence of a clay matrix. In the present case this low anisotropy is related to a preferred orientation of elongated nonclayey minerals ( Figure 6 ). The predicted anisotropy E h /E v is in good agreement with the data set of Sone and Zoback [2013] (Figure 8b ). This shows that the high experimentally determined microscale anisotropy of the porous clay matrix (E h /E v = 3.75) is realistic if not crucial if one wants to understand the measured anisotropy on the macroscale.
Conclusions
Microscale uniaxial compressive strength of the fine-grained porous clay matrix is substantially higher when compared to values obtained by macroscale strength testing. Differences in strength are likely related to differences in sample size, but differences in water saturation or differences in the experiential setup may also be reasons for the strength differences.
When a load is applied in direction parallel to bedding, failure is associated with the formation of multiple fractures with preferred fracture orientations near parallel to bedding. Multiple fracturing is not observed when a load is applied in direction perpendicular to bedding. Hence, the orientation of the bedding relative to the load direction largely controls microfracturing.
Microscale stiffness is higher compared to macroscale stiffness, which can be explained by the presence of pores, preexisting cracks, and other flaws in larger specimens. In addition, microscale anisotropy E h /E v of the clay matrix is higher when compared to values obtained by marcoscale mechanical testing. An upscaling procedure shows that the measured high anisotropy of the fine-grained clay matrix is crucial to explain the observed macroscale anisotropy.
